This paper is concerned with a practical controller to suppress the periodic speed variation of a motor. Speed variation in a pump, a compressor or a wheel of an electric vehicle causes vibration and noise, which shorten the life of the machine. Although repetitive control can suppress the speed variation, there are the following problems:
INTRODUCTION
This paper is concerned with a practical controller to suppress the periodic speed variation of a motor.
Repetitive controllers are generally applied to suppress periodic disturbances. But the repetitive control presents difficulties in stabilizing the closed loop system, because the controller gain becomes infinity at high frequencies[1]- [6] . To overcome this problem, Tzou et al adopted an adaptive mechanism [2] . Hattoti et al adopted a Fourier transform utilizing a vibration signal acquired by an acceleration sensor and the Nyquist loci of the open loop transfer function [3] , [4] . Fan and Kobayashi showed that the sufficient-stability condition can be satisfied through constructing a discrete positive real transfer function using some phase-lead compensation [5] . Ishihara proposed to utilise a Loop transfer recovery (LTR) technique with a model obtained by skewed sampling [6] . Although a lot of studies have been made, it has led to an increase in the order of the controller [2] - [6] . In order to put the controller to practical use, it is essential to tune the adjustable parameters of the controller by trial and error. The larger the order of the controller, the more the tuning parameters there are. So tuning the parameters by trial and error becomes difficult. Most of the speed variation of a motor can be approximated by a few sine waves (main waves), in such cases as a compressor, a pump, an electric vehicle and so on. But the repetitive controller suppresses most of the waves in the periodic speed variation in addition to the main waves. In section 3, it is mentioned that a controller that suppresses only main waves can be tuned more easily than a repetitive controller. The proportional and integral (PI) controller is widely used in industry and the tuning know-how is familiar. It is therefore desirable to arrange the main waves suppression controller in parallel with the PI controller. In the case where the position sensor detects the rotor angle with a low resolution at every l/n p (n p = 3,4,…) turn, the output of the repetitive control becomes pulse-shaped and causes harmonic ripples. This causes increase in energy consumption. Such sensors have been widely used for industrial applications, home electric appliances and so on [7] - [9] .
In this paper, a controller is proposed to suppress the periodic speed variation of a motor, in which Laplace transformations of the main sine waves are arranged m parallel with the PI controller. Furthermore, in the case where the position sensor detects the rotor angle with low resolution at every 1/n p turn, a method is proposed that makes the output of the controller sinusoidal in order to eliminate the harmonic ripples.
The effects of the controller are as follows:
1.
The main waves suppression controller can stabilize the closed loop system easily because the gain becomes infinity only at the frequencies of the main waves, this makes tuning easy.
2.
The main waves suppression controller can be often inserted in parallel with a PI controller without re-tuning P and I gains again that have already tuned with the know-how, and the operation time is small enough.
3.
The harmonic ripples are small in the case where the position sensor detects the rotor angle with low resolution at every 1/np turn.
The advantages of the controller are as follows:
1. Ease in tuning reduces the man-hours involved in developing the controller.
2.
The noise or vibration of products such as compressors, pumps and electric vehicles are reduced.
3.
The cost of the controller does not increase as the change from PI control is only in software, and the cost of vibration isolating materials can be reduced.
4.
The reliability of the product is improved because troubles due to vibration are decreased. The effects of the controller are verified by simulations and experiments.
CONTROL OBJECT
The control object is represented by the following single-input and single-output time invariant system.
(1) where t and s are time and a complex variable of Laplace transformation, y and u are output and input respectively, d is a periodic disturbance that is synchronous with motor rotation and A i and f i are constant. In the case of a pump or a compressor that repeats intake and compression at every motor rotation, a disturbance such as d occurs. The frequency of the speed variation then corresponds with that of the average velocity. Figure 1 shows the representative characteristics of the A i of d and the waves at y and 2y [rad/s] are dominant. In the case of a pump or a compressor, only a few waves are dominant.
PROBLEMS OF REPETITIVE CONTROL
The block diagram of the system with repetitive control is shown in Figure 2 where r is reference velocity.
The repetitive controller is yielded as
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where T s and L are the sampling time and the period of speed variation, K P is proportional gain and K R and n are gain and time delay, respectively. As eqn (2) is Z-transformed and used in digital control, the remainder of L/T s has to be zero. If the remainder of L/T s is not zero as shown in Figure 3 , the effect of suppression becomes bad. This problem happens when the period of the speed variation changes depending on the reference velocity r. Alternation of T s being synchronous with r overcomes the problem but Ts becomes long when r is low. Then, the output of K C (s) becomes pulse-shaped and causes harmonic ripples that increase energy consumption. From eqn (2), the gain of the repetitive controller becomes infinity at all the harmonic frequencies of the speed variation as shown in Figure 4 . Namely, useless waves in addition to the main waves are suppressed. From the Nyquist stability criterion, the system is unstable if |K C (jv )G(jv )| > 1 and ÐK C (jv )G(jv ) = -180°.
Consequently, ÐK C (jv ) at, at least, all the harmonic waves (v = , 2 , 3 ,…) has to be adjusted so as to satisfy ÐK C (jv )G(jv ) ¹ -180°. On the other hand, in the case of a controller with infinity gain only at a few main frequencies, the frequencies at which the controller phase must be adjusted to stabilize the system decrease ( i.e. w = , 2 ). Therefore, it is conceivable that the tuning becomes easy if only main waves are suppressed.
PROPOSED CONTROLLER 4.1 Main waves suppress controller
A block diagram of the control system where the proposed control is applied is shown in Figure 5 . The proposed controller is obtained as
where K I is integral gain and Kv I , Kv 2 are the gain for the basic and second waves in the speed variation. From Figure 5 , the following frequency response is derived. 
Therefore, a wave of frequency r in the output of the controller corresponds with the wave of frequency r in the reference velocity r in a steady state. In other words, if the reference velocity r corresponds with the average of the output velocity y, r corresponds with the frequency y of the speed variation and, consequently, the disturbance d of frequency r and 2r with constant amplitude is completely suppressed from (5) and (6) . The controller is an application of the internal model principle[10] that states if a closed loop contains the Laplace transform of disturbance signals in the sensitivity, the disturbances can be asymptotically rejected. Figure 6 shows the gain of the controller. The gain becomes ¥ only at r and 2r. 
Sine wave-shaped interpolation
The method is stated here that interpolates the output of the proposed suppression controller with a sine wave-shaped in the case where an angle sensor with low resolution is used. The number of pulses of the angle sensor in one rotation considered here is n p . The suppression controller is activated at every pulse period T s 2 . Then the sampling time T s 2 satisfies (7) The controller with the same poles as z-transformed 3rd term of eqn (3) is introduced as (8) Table 1 . n p and a Table 1 shows a with various n p . If n p > 2, the sampling theorem is satisfied and eqn (3) generates a sine wave output in response to an impulse signal. Now, we number the pulses of the angle sensor in one rotation as 0, 1,…, n p -1 and note the output calculated at the time each pulse is generated as u 0 , u 1 ,…un p -1 respectively. If the control system is stable, an error e(= r -y) becomes almost zero in the steady state and the output of eqn (3) can be approximated as the following sine wave: (9) where A, f and A 0 are amplitude, phase and DC offset, respectively. eqn (9) can be expanded as A sine wave is generated by using eqn (10) at every sampling time T s that is smaller than T s 2 and is superimposed in the output of the PI controller. By this procedure, the control input becomes smooth and, consequently, ripples become small if an angle sensor with low resolution is used.
In the case n p = 3
The inverse matrix is calculated in eqn (13). In the case n p = 3, the equations are derived that make the calculated amount in eqn (13) small. From eqn (11), we get 
NUMERICAL SIMULATIONS
The effects of the proposed suppression controller with sine wave interpolation are verified by numerical simulations.
Control object
The control object is set up as
The number n p of pulses of the angle sensor in one rotation considered here is 3. The response of the proposed method with sine interpolation is shown in Figure  7 . From Figure 7 , ripples are significantly small. The conventional repetitive controller eqn (2) is tuned as
The response of the conventional method is shown in Figure 8 . From Figure 8 , ripples are large. Those ripples are generated by the controller. So the controller supplies the energy for generating ripples. Consequently, the power consumption increases. Figure 7 .
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Response (proposed control with interpolating sine wave) Figure 9 shows the experimental device. The control object used in the experiment is a 2-mass system in which a crank shaft connected to a spring is set up in order to generate the periodic load torque disturbance that changes during one turn. The load torque d is synchronous with the motor rotation as shown in figure 10 because the spring is connected to the crank and gets longer and shorter in one turn. The motor torque is controlled so as to cancel d, which makes the motor speed variation small. 
EXPERIMENTS 6.1 The experimental device
Ease of tuning
The gains of PI, the conventional repetitive controller and the proposed controller are so tuned as to get a good effect to suppress the speed variation. The PI controller gains are tuned first, and are fixed. The main waves suppression controller is inserted and the range of the parameters K v 1 and K v 2 is graphed in which the system is stable and has a good convergence. Next, the I element of the PI controller is removed, the repetitive controller is inserted instead of the proposed one, and the same process is done concerning the two parameters K R and n. Figures 11 and 12 show the stable areas of the conventional and the proposed controller, respectively. From the comparison with both areas, it is confirmed that the area of the proposed controller is wider than that of the repetitive controller. Therefore, the tuning of the proposed controller is easier than that of the conventional one. The responses with the parameters in the stable areas are shown in Figs. 13 and 14. From Figs. 13 and 14 , the proposed controller has a better effect than the conventional one. Figure 15 . We make an address of thanks to Toshifumi Kawata who assisted the experiment. Response of conventional method (after r change)
CONCLUSION
In this paper, a method of reducing periodic speed variations in rotating machinery with the view of suppressing the consequent noise or vibration is proposed. The method utilises an interpolation of the controller output with a sine wave. In the case where a low-resolution angle sensor is used, the output of a conventional repetitive controller to suppress the speed variation becomes pulse-shaped and causes harmonic ripples that increase energy consumption. On the other hand, an output of the proposed method becomes sine wave shaped and, consequently, the harmonic ripples caused, become significantly smaller. The effectiveness of the method is verified by simulations and experiments.
